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A magnetic sensor including a first magnetic layer having an
axis ol easy magnetization 1n a first direction; a second
magnetic layer having an axis of easy magnetization 1n a
second direction different from the first direction; a third
magnetic layer positioned between the first magnetic layer
and the second magnetic layer, and having a smaller coer-
cive force than the first magnetic layer and the second
magnetic layer; a first insulating layer interposed between
the first magnetic layer and the third magnetic layer; and a
second 1nsulating layer interposed between the second mag-
netic layer and the third magnetic layer. An external mag-
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MAGNETIC SENSOR USING TUNNEL
RESISTANCE TO DETECT AN EXTERNAL
MAGNETIC FIELD

BACKGROUND OF THE INVENTION

The present invention relates to a magnetic sensor for
detecting a magnetic field and, more speciiically, to a
magnetic sensor using spin tunnel phenomena or spin valve
elfect.

1. Field of the Invention

With the recent increased density of the magnetic record-
ing technique, relative speed between a magnetic medium
and a reading head has been much lowered.

2. Description of the Related Art

Accordingly, the conventional electromagnetic induction
type magnetic head has found it difficult to have sufficient
reading output.

As a magnetic sensor which can have high reading output
even with the lowered relative speed, a magnetoresistance
(MR) magnetic sensor, a spin tunnel magnetic sensor using
spin tunnel phenomenon, etc. are proposed.

The spin tunnel magnetic sensor comprises a multi-layer
body of a magnetic layer/an insulation layer/a magnetic
layer 1n which an insulation layer 1s sandwiched by two
magnetic layers, and uses the phenomena that when a
voltage 1s applied between the magnetic layers to tunnel
clectrons, a tunneling probability of electrons changes based
on a relative angle between magnetization directions of both
magnetic layers. A tunnelling probability of electrons
changes based on a relative angle between magnetization
directions between both magnetic layers because electron
spin of one of the magnetic layers which supplies electrons
1s polarized, and the electrons tunnel, polarized.

In the conventional spin tunnel magnetic sensor, 1t 1s
ogenerally known that an insulation film 1s sandwiched
between a first magnetic thin film and a second magnetic
thin film and adhered to each other.

Japanese Patent Laid-Open Publication No. 24477/1994
proposes a magnetic sensor comprising a first ferromagnetic
thin film and a second ferromagnetic thin film patterned in
strips to make axes of easy magnetization rectangular to
cach other, whereby a coercive force of the first ferromag-
netic thin film 1n a direction of the axis of easy magnetiza-
tion thereof 1s more than twice that of the second ferromag-
netic thin film in a direction of the axis of easy
magnetization thereof. When the magnetization direction of
the second ferromagnetic thin film having a smaller coercive
force 1s turned by an external magnetic field, a tunneling
current from the first ferromagnetic thin film to the second
ferromagnetic thin film changes.

As a material of the ferromagnetic thin film, an Fe-based
alloy, which has low anisotropic magnetoresistive effect and
high ferromagnetic tunnel effect is proposed (Nakatani and

Kitada, Abstract of Autumn Symposium of Japan Metal
Association, p. 364, 1994).

Furthermore, to make a coercive force difference between
the ferromagnetic thin films, carbon (C) or ruthenium (Ru)
1s added to the Fe-based alloy, or the thin films are formed
at different substrate temperatures.

A magnetic sensor using a multi-layer thin film 1s known
as a different spin tunnel magnetic sensor.

Japanese Patent Laid-Open Publication No. 266481/1991
proposes a magnetoresistive effect device comprising a
multi-layer structure of Fe layers with an intermediate layer
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2

of a paramagnetic non-insulating material. The device
exhibits resistance changes with respect to a low-level
applied magnetic field by making magnetization directions
horizontally anti-parallel with each other and making the Fe
layers 1 four or more layers.

Japanese Patent Laid-Open publication No. 74022/1995
discloses a magnetic head using a magnetoresistive elfect
film of a multi-layer structure including a hard magnetic
layer, a soft magnetic layer which contacts an antiferromag-
netic layer, a soft magnetic layer which 1s not in contact with
an antiferromagnetic layer which are laid one on another,
respectively, through non-magnetic layers. The magnetic
sensor exhibits high magnetoresistive effect because of the
multi-layer body including the two magnetic layers.

Japanese Patent Laid-Open Publication No. 223336/1994
proposes a magnetoresistance read sensor comprising first,
second and third ferromagnetic layers which are separated
from each other by non-magnetic metal layers. Magnetiza-
tion directions of the first and the third ferromagnetic layers
are stationary, and the second intermediate ferromagnetic
layer 1s soft magnetic material and has a multi-layer double
spin valve structure in which, when no magnetic field is
applied, a magnetization direction thereof 1s rectangular to
the magnetization directions of the first and the third ferro-
magnetic layers. This structure permits conduction electrons
scattering 1n any direction to be used, so that the sensor
exhibits high magnetoresistive effect even when a low-level
magnetic field 1s applied.

A magnetoresistive effect device of a magnetic sensor
using a magnetoresistive effect comprises a spin valve film
having a structure of a non-magnetic layer sandwiched by
first and a second magnetic layers, or a superlattice gigantic
magnetoresistance (GMR) film having a structure of alter-
nate layers of non-magnetic and magnetic material.

Conventional magnetoresistive eifect devices will be
explamed with reference to examples thereof, respectively,
including a spin valve film and a superlattice (GMR) film as

the MR films.

FIG. 20 1s a sectional view of the spin valve film of the
conventional magnetoresistive effect device according to
one of the examples, and shows the spin valve film of the
magnetoresistive effect device used 1n a magnetic head.

As shown 1n FIG. 20, the conventional spin valve film has
a structure of a first magnetic layer 23, a non-magnetic layer
25, a second magnetic layer 27 laid one on another on a
substrate 21 with a ground layer 22 deposited on, and an
antiferromagnetic layer 28 of, e.g., FeMn for pmnning a
magnetization direction of the second magnetic layer.

FIG. 21 1s a sectional view of the superlattice GMR film
of the conventional magnetoresistive effect device according
to the other of the examples, and shows the superlattice
GMR film of the magnetoresistive effect device used in a
magnetic head.

As shown 1n FIG. 21, the conventional superlattice GMR
film has a structure of a multi-layer film of alternately laid
magnetic layers 23 and non-magnetic layers 25 on a sub-
strate 21 with a ground layer 22 of Cu, and a cap layer 29

of Cu covering the top surface of the uppermost magnetic
layer 23.

A magnetic sensor using GMR effect 1s disclosed 1n, e.g.,
Japanese Patent Laid-Open Publication No. 358310/1992.
this magnetic sensor comprises two ferromagnetic layers
which are divided by a non-magnetic metal layer and are not
bonded with each other, and has a sandwich structure having
magnetization of one of the ferromagnetic layers pinned.
The pinning of the magnetization 1s enabled by adhering an
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antiferromagnetic metal layer of typically an irron-maganese
alloy to one of the ferromagnetic layers. In this structure,
when an external magnetic field 1s applied, a magnetization
direction of the ferromagnetic layer whose magnetization 1s
not pinned freely turns 1in agreement with a direction of the
external magnetic field, whereby an angle difference takes
place with respect to magnetization direction of the ferro-
magnetic layer having the magnetization pinned. Depending
on this angle difference, scattering of conduction electrons
depending on spin changes, and electroresistance value
changes take place. By detecting such electroresistance
value changes, states of an external magnetic field, 1.c.,
signal magnetic ficlds from a magnetic recording medium
are obtained.

The resistance change of the spin valve magnetic sensor
1s about 5%. For the prevention of reading errors due to
increased magnetic recording density, magnetic sensors hav-
ing higher magnetic resistance changes are needed.

Furthermore, a magnetic bead and a recording medium
are olten brought into direct or indirect contact with each
other due to projections of the magnetic recording medium,
dust or others. At points of the contact abrupt temperature
rises occur due to frictional heat. It 1s known that due to such
temperature changes, a resistance of the MR device changes,
and output changes take place. Such output changes are
called thermal asperities or thermal noises. Conventional art
for removing such asperities 1s described 1n Japanese Patent
[Laid-Open Publication No. 154310/1990. This art comprises
two MR devices, and the two MR devices are differential for
differential detection, whereby thermal asperities are can-
celed.

As described above, various magnetic sensors using spin
tunnel phenomena have been proposed. However, their
voltage changes due to spin tunnel phenomena are trivial,
and, 1n addition, signals from recording media are increas-
ingly feeble. Then, 1t 1s necessary increase outputs of the
magnetic sensors, and to decrease noises.

In the magnetic sensor comprising the spin valve film
shown 1n FIG. 20, the non-magnetic layer 25 1s formed of,
in most cases, a Cu layer, which produces high magnetore-
sistive effect. However, a magnetic material of the magnetic
layers 23, 27 1s an alloy containing an element which tends
to be solid-soluble with Cu, e.g., Fe, Co or Mn. Accordingly,
thermal diffusion tends to occur in the interfaces between the
magnetic layers 23, 27, and the non-magnetic layer 25, and
the thermal diffusion tends to be caused by a heat treatment
of a magnetic head fabrication process following deposition
of the spin valve film, e.g, by baking a resist used as an
insulating layer, which often reduces magnetoresistive
cifect.

Also 1n the magnetic sensor comprising the superlattice
GMR film shown 1n FIG. 21, the magnetic layer 23 and the
non-magnetic layer 25 are formed of, 1n most cases, mag-
netic layer containing an element which tends to react with
Cu and a non-magnetic layer of Cu, and, accordingly, tend
to cause thermal diffusion 1n a heat treatment process as 1n
the spin valve film, which often leads to lower magnetore-
sistive elfect.

To 1mprovise heat resistance of such spin valve film and
superlattice GMR film, 1t 1s proposed that the non-magnetic
layer 1s formed of Bag in place of Cu. However, the
non-magnetic layer of Ag 1s aggregated by a heat treatment
when the Ag layer 1s thin, and the spin valve film and the
superlattice GMR {ilm are sometimes broken. When the Ag
layer 1s made thicker for the prevention of the aggregation,
the magnetoresistive effect 1s decreased. Thus, it 1s difficult
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4
that the magnetoresistive etffect device comprising the non-

magnetic layer formed of Ag has high magnetoresistive
elfect.

Furthermore, Cu tends to corrosive so that 1t 1s dithicult to
provide a magnetic sensor comprising the non-magnetic
layer formed of Cu having good corrosion resistance 1n use
environments.

As described above, 1n the conventional magnetoresistive
effect device comprising the non-magnetic layer formed of
Cu, a diffusion reaction takes place between the non-
magnetic layer and the magnetic layer contacting the non-
magnetic layer, which often reduces the magnetoresistive
cifect. Disadvantageously 1s reduces the magnetoresistive
cifect to form the non-magnetic layer of Ag for the preven-
tion of the thermal diffusion. The magnetoresistive effect
device comprising the non-magnetic layer formed of Cu has
insuificient corrosion resistance.

* iyt

By making the spin valve magnetic sensor differential,
output improves about two-fold, and cancellation of thermal
asperities can be expected, but the method described m the
prior art needs a track width for two MR devices, which does
not meet narrow tracks for higher recording densities.

SUMMARY OF THE INVENTION

A first object of the present invention 1s to provide a
magnetic sensor which overcomes the above-described dis-
advantages of the magnetic sensors using spin tunnel
phenomena, and which has improvised signal-to-noise ratio,
and high magnetic field sensitivity.

A second object of the present mnvention 1s to provide a
magneuc sensor which suppresses diffusion reaction of Cu
in the non-magnetic layer, and has good thermal resistance,
high magnetoresistive effect, and good corrosion resistance
In use environments.

A third object of the present mvention 1s to provide a
magnetic sensor which has high reproduction output and can
remove thermal asperities.

The above-described first object 1s achieved by a mag-
netic sensor comprising: a first magnetic layer having an
axis ol easy magnetization 1n a first direction; a second
magnetic layer having an axis of easy magnetization 1n a
second direction different from the first direction; a third
magnetic layer positioned between the first magnetic layer
and the second magnetic layer, and having a smaller coer-
cive force than the first magnetic layer and the second
magnetic layer; a first non-magnetic layer interposed
between the first magnetic layer and the third magnetic
layer; and a second non-magnetic layer interposed between
the second magnetic layer and the third magnetic layer,
whereby an external magnetic field 1s detected by the use of
tunnel resistance between the first magnetic layer and the
third magnetic layer and tunnel resistance between the

second magnetic layer and the third magnetic layer.

In the above-described magnetic sensor, 1t 1s preferable
that the first non-magnetic layer 1s an insulating layer; and
the second non-magnetic layer 1s an 1nsulating layer.

In the above-described magnetic sensor, 1t 1s preferable
that the first direction and the second direction are substan-
tially opposite to each other.

In the above-described magnetic sensor, 1t 1s preferable
that an axis of easy magnetization of the third magnetic layer
1s substantially normal to the first direction and the second
direction.

In the above-described magnetic sensor, 1t 1s preferable
that an antiferromagnetic layer for pinning the axis of easy
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magnetization 1s included 1n at least one of the first magnetic
layer and the second magnetic layer.

In the above-described magnetic sensor, 1t 1s preferable
that a coercive force of the first magnetic layer and the
second magnetic layer 1s greater than a saturation magnetic
field in an axis of difficult magnetization of the third
magnetic layer.

In the above-described magnetic sensor, it 1s preferable
that a static magnetic field due to the first magnetic layer and
a static magnetic field due to the second magnetic layer
compensates each other 1n the third magnetic layer.

In the above-described magnetic sensor, 1t 1s preferable
that the magnetic sensor further comprises difference detect-
ing means for detecting a difference between a first electric
signal based on a tunnel resistance between the first mag-
netic layer and the third magnetic layer, and an electric
signal based on a tunnel resistance between the second

magnetic layer and the third magnetic layer.

The above-described second object 1s achieved by a
magnetic sensor comprising a spin valve structure icluding
a multi-layer body of a first magnetic layer, a non-magnetic
layer and a second magnetic layer laid one on another 1n the
stated order, the non-magnetic layer being formed of Cu; and
diffusion preventive layers of Ag being provided respec-
fively between the non-magnetic layer and the first magnetic
layer, and between the non-magnetic layer and the second
magnetic layer.

In the magnetic sensor having the above-described
structure, because Ag 1s not solid-soluble with, e.g., Fe, Co
or Mn, the diffusion preventive layer formed of Ag can
ciiectively suppress thermal diffusion between the non-
magnetic layer of Cu and the magnetic layer. Because the Ag
diffusion preventive layer 1s provided in close contact with
the Cu non-magnetic layer, coagulation 1n a heat treatment
can be suppressed. As a result, the diffusion preventive layer,
even when 1t 1s thin, does not deteriorate 1ts magnetoresistive
clfect characteristics.

Thus, the Ag diffusion preventive layer, even when 1t 1s
thin, exhibits high diffusion prevention effect, and 1s
degraded very little due to coagulation. The magnetic sensor
including this diffusion preventive layer has good heat
resistance.

Furthermore, sufficient heat resistance of the diffusion
preventive layer allows the diffusion preventive layer to be
thin and the Cu non-magnetic layer to be thick. This
magnetic sensor has high magnetoresistive effect which 1s
substantially equal to that of the magnetic sensor mncluding
the non-magnetic layer formed of Cu and in addition, has
heat resistance.

The above-described second object 1s achieved by a
magnetic sensor comprising a multi-layer film of alternately
laid magnetic layers and non-magnetic layers, the non-
magnetic layers being formed of Cu; and a diffusion pre-
ventive layer of Ag being provided between the non-
magnetic layer and the magnetic layer.

In the magnetic sensor having the above-described
structure, the multi-layer structure of the non-magnetic
layers and the magnetic layers alternately laid one on
another, e.g., the superlattice CMR, includes the non-
magnetic layer formed of Cu, and the diffusion preventive
layers of Ag provided between the non-magnetic layer and
the magnetic layer.

Such structure 1s considered to a multi-layer structure of
the multi-layer structure of the spin valve film including the
magnetic layers, the diffusion preventive layer and the
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non-magnetic layers. Accordingly, as 1n the above-described
magnetic sensor, the thin Ag diffusion preventive layer
suppresses diffusion between the magnetic layer and the
non-magnetic layer, and i1n addition, coagulation of the
diffusion preventive layer does not take place. The magnetic
sensor having this structure can have good heat resistance
and high magnetoresistive effect.

In the above-described magnetic sensor, 1t 1s preferable

that the non-magnetic layer of Cu 1s replaced by a multi-
layer film of alternately laid Cu films and Ag films.

In the magnetic sensor having this structure, the non-
magnetic layer has little thickness-wise diffusion of Cu,
therein owing to the Ag thin film which Suppresses diffusion
of Cu. Accordmgly, in a case that the diffusion preventive
layer has 1nsufficient diffusion prevention etfect, the diffu-
sion between the non-magnetic layer and the magnetic layer
can be sufficiently suppressed. Thus, the magnetic sensor
can have good heat resistance.

In the above-described magnetic sensor, 1t 1s preferable
that the magnetic sensor further comprises a non-magnetic
corrosion resistance metal film provided between the Cu

f1lm and the Ag film, or the diffusion preventive film and the
Cu film or the Ag film.

In the magnetic sensor having this structure, substances
which corrodes Cu are prohibited from osmosing the non-
magnetic layer by the corrosion resistant metal thin film.
Accordingly, the magnetic sensor has device characteristics
which are degraded very little by corrosion in operational
environments.

It 1s possible that this corrosion resistant metal thin film 1s
a film of a non-magnetic, corrosion resistant metal, e.g., Au,
Pt, or Ti. The corrosion resistant metal film 1s not essentially
monolayer, and 1t 1s possible that one or more layers of the
corrosion resistant metal films are provided as long as 1t or
they are between the Cu thin film and the Ag thin film, the
non-magnetic layer and the diffusion preventive layer.

The magnetic sensor having this structure can have good
heat resistance and, accordingly, can have stable magnetic
detection sensifivity even when the magnetic sensor 1s
subjected to heat of high temperatures 1n 1its fabrication or
storage environments.

The above-described third object 1s achieved by a mag-
netic sensor comprising a first spin valve structure including
a first and a second ferromagnetic layer 1solated from each
other by a non-magnetic spacer layer, a magnetization
direction of the first ferromagnetic layer and a magnetization
direction of the second magnetic layer, which 1s pinned by
a first antiferromagnetic layer adjacent to the second ferro-
magnetic layer being normal to each other when no mag-
netic filed 1s applied; and means for detecting an electric
resistance caused by a difference in turns of the magnetiza-
tion directions of the first and the second ferromagnetic
layers 1n the presence of an external magnetic field; a second
spin valve structure including a third ferromagnetic layer
and a fourth ferromagnetic layer 1solated by a non-magnetic
spacer layer, the third ferromagnetic layer having a magne-
tization direction component 1n the same direction of the
magnetization direction of the first ferromagnetic layer, the
fourth ferromagnetic layer having a magnetization direction
component opposite to the magnetization direction of the
second ferromagnetic layer, the magnetization direction of
the third ferromagnetic layer and the magnetization direction
of the fourth ferromagnetic layer, which 1s pinned by a
second antiferromagnetic layer, being normal to each other
when no magnetic field 1s applied; and means for detecting

an electrical resistance caused by a difference in turns of the
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magnetization directions of the third and the fourth ferro-
magnetic layers in the presence of an external magnetic
field; and an 1nsulating layer for electrically insulating the
first and the second spin valve structures; and means for
detecting outputs of the respective spin valve structures.

In the above-described magnetic sensor, it 1s preferable
that differential signal information between the output sig-
nals of the first spin valve structure and the second spin
valve structure 1s detected.

In the above-described magnetic sensor, 1t 1s preferable
that 1n the first and the second spin valve structures, the
magnetization direction of the second and the fourth ferro-
magnetic layers pinned by the antiferromagnetic layers are
anti-parallel with each other.

In the above-described magnetic sensor, it 1s preferable
that the first and the second antiferromagnetic layers have
different blocking temperatures from each other.

In the above-described magnetic sensor, 1t 1s preferable
that the first and the second antiferromagnetic layers are
formed of two different kinds of materials selected out of
antiferromagnetic regular alloys of 1rron-manganese, nickel-
manganese and palladium-manganese, and out of nickel-
oxides.

In the above-described magnetic sensor, 1t 1s preferable
that the magnetic sensor further comprises a fifth ferromag-
netic layer provide between the second or the fourth ferro-
magnetic layers whose magnetization direction pinned by
the first or the second antiferromagnetic layer, and the first
or the second anfiferromagnetic layer through an antiferro-
magnetic bonding film of a non-magnetic metal film.

In the above-described magnetic sensor, it 1s preferable
that the first and the second spin valve structures include an
insulation layer of an anfiferromagnetic material which
functions as the first and the second antiferromagnetic thin
film layers.

In the above-described magnetic sensor, it 1s preferable
that the antiferromagnetic insulation film 1s formed of an
antiferromagnetic nickel-oxide.

In the above-described magnetic sensor, it 1s preferable
that the magnetic sensor further comprises a fifth ferromag-
netic layers provided between the second or the fourth
ferromagnetic layers whose magnetization directions pinned
by the antiferromagnetic insulation layer, and the 1nsulation
layer through an antiferromagnetic bonding film of a non-
magnetic metal thin film.

Although 1t 1s possible to increase reproduction output,
based on addition information from a pair of spin valve
structures, based on difference information thermal asperi-
fies can be removed while increasing reproduction output.

To form a differential-type output mechanism, 1t 1s nec-
essary that i each spimn valve structure a magnetization
direction of the pinned ferromagnetic layer is 180°. This is
realized by the following two methods.

In a first method, 1n the respective spin valve structures,
the switch bias layers of the antiferromagnetic thin films
which pin magnetization directions of the ferromagnetic
layers are formed of materials having different blocking
temperatures from each other, whereby switch bias direc-
tions thereof can be set independently of each other. For
example, 1n a case that iron-manganese, and nickel-
manganese are used, the iron-manganese has an about 300°
C.-blocking temperature, and nickel-manganese has an
above 300° C.-blocking temperature. Accordingly, first a
switch bias direction of the nickel-manganese layer 1s set at
the high temperature, and then, a switch bias direction of the
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iron-manganese layer 1s set 1n a d.c. magnetic field at a
temperature a little higher than the blocking temperature of
the iron-manganese, e.g., 230° C. Thus, the respective
switch bias directions can be set independently of each other

(phase difference: 180°).

In a second method, the fifth ferromagnetic layer is
provided between the ferromagnetic layer whose magneti-
zation direction 1s pinned by the switch bias layer, and the
switch bias layer through the antiferromagnetic bonding film
of a non-magnetic metal thin film. It 1s known that 1n a
multi-layer structure of a non-magnetic material/a non-
magnetic metal/a ferromagnetic material, as shown 1n a
multi-layer GMR material, the non-magnetic metal layer
(antiferromagnetic bonding film) has a suitable thickness,
whereby magnetization directions of the two ferromagnetic
layers adjacent to each other are anti-parallel with each

other. As a preferred embodiment of this, a multi-layer
structure of Fe 2 nm/Cr 1.3 nm/Fe 2 nm, Co 2 nm/Cu 0.7

nm/Co 2 nm, etc. provides high antiferromagnetic bonding.
Thus, the pinned ferromagnetic layer adjacent to the switch
bias layer of an antiferromagnetic material 1s provided by
said anftiferromagnetic multi-layer structure, whereby the
ferromagnetic layer can have a magnetization direction
pinned anti-parallel (phase difference: 180°) which is its

intrinsic magnetization direction. Accordingly, the pinned
ferromagnetic layer of one spin valve structure has an
antiferromagnetic multi-layer structure, whereby the mag-
netic sensor can have a set of spin valve structures having a
180°-phase difference in one switch bias process (heat
freatment in a d.c. magnetic field).

In the multi-layer spin valve magnetic sensor having the
above-described structure, output signals from the respec-
five spin valve structures isolated by the insulating layer
have 1nverse phases 1n response to an external magnetic
field. That 1s, 1n a first spin valve structure, when a switch
bias direction 1s upward with respect to a magnetic recording
medium surface, a switch bias direction of a second spin
valve structure 1s vertically downward with respect to the
magnetic recording medium surface. Accordingly, without
an external magnetic field, magnetization directions of both
pinned ferromagnetic layers form 90°. When a signal mag-
netic field which 1s upward with respect to the magnetic
recording medium surface acts to the respective free ferro-
magnetic layers magnetized in one and the same direction,
in the first spin valve structure, a magnetization direction of
the free ferromagnetic layer turns vertically upward with
respect to the magnetic recording medium, 1.¢., toward the
magnetization direction of the pinned ferromagnetic layer,
and thus changes to a direction where electric resistance 1s
lower. In a second spin valve structure, a magnetization
direction of the free ferromagnetic layer turns 1n an opposite
direction where the magnetization direction becomes anti-
parallel with as magnetization direction of the pinned fer-
romagnetic layer, and thus changes to a direction where
clectrical resistance i1s higher. These outputs are detected
independently of each other, and are reproduced by a dif-
ference amplifying circuit. Thus, the differential spin valve
magnetic sensor can be constituted.

The use of the magnetoresistive etffect head according to
the present invention can provide high reproduction outputs
and can remove thermal asperities.

BRIEF DESCRIPITION OF THE DRAWINGS

FIG. 11s a view of a basic structure of the magnetic sensor
according to a first embodiment of the present invention.

FIG. 2 1s a circuit diagram of a detection circuit of the
magnetic sensor according to the first embodiment of the
present 1nvention.

™
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FIG. 3 1s a graph of magnetoresistive effect changes of the
magnetic sensor according to the first embodiment of the
present mvention 1n response to external magnetic fields.

™

FIG. 4 1s a graph of reproduction signal output changes of
the magnetic sensor according to the first embodiment of the
present invention 1n response to external magnetic fields.

FIGS. SA-5C are views of the magnetic sensor according,
to the first embodiment of the present invention at the steps
of a method for fabricating the same, which explain the
method.

FIG. 6 1s a schematic sectional view of the magnetic
sensor according to a second embodiment of the present
mvention, which show a structure thereof.

FIGS. 7A and 7B are schematic sectional views of the
magnetic sensor according to a third embodiment of the
present invention, which shows a structure thereof.

FIG. 8 1s a schematic sectional view of the magnetic
sensor according to a fourth embodiment of the present
invention.

FIG. 9 1s a schematic sectional view of the magnetic
sensor according to a fifth embodiment of the present
invention.

FIG. 10 1s a schematic sectional view of the magnetic
sensor according to a sixth embodiment of the present
invention.

FIG. 11 1s a development of the magnetic sensor accord-
ing to the sixth embodiment of the present invention.

FIG. 12 1s a graph of outputs of the magnetic sensor
according to the sixth embodiment of the present invention.

FIG. 13 1s a view explaining changes of resistance values
r,, I, of the magnetic sensor according to the sixth embodi-
ment of the present mnvention.

FIG. 14 1s a schematic sectional view of the magnetic
sensor according to a seventh embodiment of the present
mvention, which shows a structure thereof.

FIG. 15 1s a development of the magnetic sensor accord-
ing to the seventh embodiment, which shows the structure
thereof.

FIG. 16 1s a view explaining changes of resistance values
r,, T, of the magnetic sensor according to the seventh
embodiment of the present invention.

FIG. 17 1s a schematic sectional view of the magnetic
sensor according to an eighth embodiment of the present
imvention, which shows a structure thereof.

FIG. 18 1s a development of the magnetic sensor accord-
ing to the eighth embodiment of the present invention, which
shows a structure thereof.

FIG. 19 1s a view explaining changes of resistance values
r,, I, of the magnetic sensor according to the eighth embodi-
ment of the present mnvention.

FIG. 20 1s a schematic sectional view of a spin valve film
of a conventional magnetic sensor.

FIG. 21 1s a schematic sectional view of a superlattice
gigantic magnetoresistance film of a conventional magnetic
SENSor.

DETAILED DESCRIPTION OF THE
INVENTION

| A first Embodiment |

The magnetic sensor according to a first embodiment of
the present invention will be explained with reference to
FIGS. 1 to 3.

FIG. 1 1s a view of a basic structure of the magnetic sensor
according to the present embodiment. FIG. 2 1s a circuit
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diagram of a detection circuit of the magnetic sensor accord-
ing to the present embodiment. FIGS. 3 and 4 are graphs of
magnetoresistance changes and reproduction signal output
changes of the magnetic sensor according to the present
embodiment due to external magnetic fields.

As shown 1n FIG. 1, the basic structure of the magnetic
sensor according to the present embodiment 1s a multi-layer
body 10 of an antiferromagnetic layer 11 of an antiferro-
magnetic material, a ferromagnetic layer 12 of a ferromag-
netic material having a large coercive force, an insulating
layer 13 of an insulating material, a soft magnetic layer of
a soft magnetic material having a small coercive force, an
insulating layer 15, a ferromagnetic layer 16 of ferromag-
netic material having a large coercive force, an antiferro-
magnetic layer 17 of an anftiferromagnetic material laid on
another in the stated order. The ferromagnetic layer 12 and
the soft magnetic layer 14 constitute a tunnel junction, and
the ferromagnetic layer 16 and the soft magnetic layer 14
constitute a tunnel junction.

The antiferromagnetic layer 11 1s an about 25 nm-thick
NiMn layer; the ferromagnetic layer 12 1s an about 20
nm-thick Fe layer; the msulating layer 13 1s an about 2
nm-thick Al,O; layer; the soft magnetic layer 14 1s an about
20 nm-thick NiFe layer; the insulating layer 15 1s an about
2 nm-thick Al,O; layer; the ferromagnetic layer 16 1s an
about 20 nm-thick Fe layer; and the antiferromagnetic layer
17 1s an about 20 nm-thick FeMn layer.

The antiferromagnetic layers 11, 17 may be formed of

another antiferromagnetic material, e.g., an urregular FeMn
alloy, a regular NiMN alloy, PdMn alloy, PtMn alloy, MnO

having NaCl structure, or N10, etc. The ferromagnetic layers
12, 16 may be formed of another ferromagnetic material,
¢.g., Co, N1, or an alloy of Fe, Co and/or N1 of an above 50
Oe (oersted) coercive force. The soft magnetic layer 14 is
formed of another soft magnetic material, e.g., CoFe alloy of
a below about 10 Oe coercive force. The insulating layers

13, 15 may be formed of another 1nsulating body, e¢.g., S10.,,
AIN, N10, CoO or others.
As shown 1n FIG. 1, the antiferromagnetic layer 11 1s

pinned so that a magnetization direction of the ferromag-
netic layer 12 1s oriented from the front of the sheet of the
drawing to the back thereof, and the antiferromagnetic layer
17 1s pinned so that a magnetization direction of the ferro-
magnetic layer 16 1s oriented from the back of the sheet of
the drawing to the front thereof, whereby the magnetization
of the ferromagnetic layer 12 and that of the ferromagnetic
layer 16 are pinned in opposite directions to each other.

The soft magnetic layer 14 has a small coercive force, and
can rotate its magnetization direction freely in accordance
with external magnetic fields. A direction of an axial of easy
magnetization of the soft magnetic layer 14 1s substantially
normal to the magnetization direction of the ferromagnetic
layer 12 and that of the ferromagnetic layer 16. A saturation
magnetic field for the soft magnetic layer 14 1n an axis of
difficult magnetization 1s about 5 Oe¢ and i1s preferably
smaller than a coercive force (about 30 Oe¢) of the ferro-
magnetic layer 12 and the ferromagnetic layer 16.

The ferromagnetic layer 12 and the ferromagnetic layer
16 are adjusted in their ferromagnetic materials and film
thickness, whereby a static magnetic field due to the ferro-
magnetic layer 12 and a static magnetic field due to the
ferromagnetic layer 16 can compensate each other 1n the soft
ferromagnetic layer 14. Thus, the soft magnetic layer 14 can
change 1ts own magnetization direction 1n accordance with
external magnetic fields without generating static magnetic
energy.

The detection circuit for detecting reproduction signals
used 1n the magnetic sensor according to the first embodi-
ment of the present invention will be explained.
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When a resistance of the tunnel junction between the
ferromagnetic layer 16 of the multi-layer body 10 of the
magnetic sensor and the soft magnetic layer 14 therecof 1s
represented by r,, and a resistance of the tunnel junction
between the soft magnetic layer 14 and the ferromagnetic
layer 12 1s represented by r,, resistances r,, 1, change due to
spin tunnel phenomena when the soft magnetic layer 14
changes 1ts magnetization direction due to an external mag-
netic field.

When an external magnetic field 1s applied, and a mag-
netization direction of the soft magnetic layer 14 turns,
compensatively a resistance r,, r, of one of the tunnel
junctions becomes higher, a resistance r,, r, of the other of
the tunnel ]unctlons becomes lower. In the present
embodiment, a difference between Changes of the thus
compensatively varying resistances are given, so that higher
magnetic field detecting sensitivity 1s obtained, and noise
components generating 1n a same phase, so as to obtain
drastically improved signal-to-noise ratio.

A positive voltage E 1s applied from a d.c. electric power
source E to the soft magnetic layer 14, a current 1, flowing
between the ferromagnetic layer 16 and the soft magnetic
layer 14 1s amplified by an operational amplifier OP,, and a
current 1, flowing between the ferromagnetic layer 12 and
the soft magnetic layer 14 1s amplified by an operational
amplifier OP,. Outputs V,, V,, of the operational amplifiers
OP,, OP, are given by the following formulas.

V=0, x1,=0,xE[/F,

wherein o, 1s an amplifying ratio of the operational
amplifier OP,,

oL, 1s an amplifying ratio of the operational amplifier OP,.

Outputs V,, V,, of the operational amplifiers OP,, OP, are
ogrounded respectlvely through resistors R, R,. A difference
between outputs V., V, of the operational amphﬁers OP,,
OP, 1s differentially ampliﬁed by an operational amplifier
OP,, and a reproduction output signal V_ . 1s given by the
following formula.

V,.=0s3(V,-V,)

wherein o, 1s an amplifying ratio of the operational
amplifier OP;.

Changes of resistance r,, r, corresponding to external
magnetic field changes are shown 1n FIG. 3, and changes of
reproduction signals V_ _ are shown i FIG. 4. In FIGS. 3
and 4, an external magnetic field oriented from the back of
the sheet of FIG. 1 to the front thereof 1s positive, and an
external magnetic field oriented 1n the direction opposite
thereto 1s negative.

Without an external magnetic field applied to, a magne-
fization direction of the soft magnetic filed layer 14 1s the
initial axis of easy magnetization, and as shown 1n FIG. 3,
resistancesr,, r, are equal to each other. Accordingly outputs
V,, V, are equal to each other, and as shown 1n FIG. 4, a
reproduction output V__ . 1s zero.

When a positive external magnetic field 1s applied, a
magnetization direction of the soft magnetic layer 14 1is
turned from the 1nitial axis of easy magnetization, 1.€., from
the back of the sheet of FIG. 1, to the front thereof.
Resultantly, as shown 1n FIG. 3, a resistance r, of the tunnel
junction between the ferromagnetic layer 16 and the soft
magnetic layer 14 1s decreased, and a resistance r, of the
tunnel junction between the soft magnetic layer 14 and the
ferromagnetic layer 12 1s increased. Accordingly, an output
V, 1s increased, an output V,, being decreased, and as shown
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in FIG. 4, a reproduction output V___ has a positive value. As
the external magnetic field intensifies, the reproduction
output V_  1s increase, and when the magnetization direc-
tion 1s oriented from the back of the sheet to the front,
changes of the resistance stop, and the reproduction output
saturated.

When a negative external magnetic field 1s applied, a
magnetization direction of the soft magnetic layer 14 1is
turned from the 1nitial axis of easy magnetization, 1.¢., from
the front of the sheet of FIG. 1, to the back thereof.
Resultantly, as shown 1n FIG. 3, a resistance r, of the tunnel
junction between the ferromagnetic layer 16 and the soft
magnetic layer 14 1s increased, and a resistance r, of the
tunnel junction between the soft magnetic layer 14 and the
ferromagnetic layer 12 1s decreased. Accordingly, an output
V, 1s decreased, an output V, being increased, and as shown
in FIG. 4, a reproduction output V__. has a negative value.
As the external magnetic field intensifies, the reproduction
output V_ _1s decreased, and when the magnetization direc-
tion 1s oriented from the front of the sheet to the back,
changes of the resistance stop, and the reproduction output
saturated.

Then, a method for fabricating the magnetic sensor
according to the present embodiment will be explained with
reference to FIGS. 5A-5C.

First, an about 25 nm-thick NiMn layer as the antiferro-
magnetic layer 11 1s deposited by sputtering on a support
substrate 20, as of a glass substrate or others. Then, an about
20 nm-thick Fe layer as the ferromagnetic layer 12 1is
deposited (FIG. 5A). Then, with an about 2000 Oe magnetic
field being applied 1n the direction of the arrow 1n FIG. 5A
(from the front of the sheet to the back thereof), a heat
treatment 1s conducted for about 1 hour at about 300° C. The
NiMn layer 1s regularized to be antiferromagnetic, and a
magnetization direction of the Fe layer 1s pinned in the
direction of the applied magnetic field.

Next, Al 1s deposited 1n an about 5 nm-thickness by
sputtering and 1s heat-treated for 1 hour 1n a 100 mTorr
oxygen atmosphere to form the insulation layer 13 (FIG.
5B). Subsequently with an about 100 Oe magnetic field
being applied 1n the direction of the arrow 1 FIG. SB (from
the left of the sheet to the right), an about 20 nm-thick NiFe
layer as the soft magnetic layer 14 1s deposited by sputtering.
Thus, the axis of easy magnetization of the soft magnetic
layer 14 1s turned 1n the direction of the applied magnetic
field.

Then, Al 1s deposited 1n an about 5 nm-thickness by
sputtering and oxidized to be the insulating layer 15 FIG.
5C). Subsequently with an about 100 Oe magnetic field
being applied in the direction of the arrow in FIG. 5C (from
the back of the sheet to the front), an about 20 nm-thick NiFe
layer as the ferromagnetic layer 16 i1s deposited by
sputtering, and then an about 20 nm-thick FeMn layer as the
antiferromagnetic layer 17 1s deposited.

The FeMn layer 1s deposited to be antiferromagnetic and
requires no heat treatment following the deposition. Mag-
netization directions of the NiFe layers become the direction
of the applied magnetic field, and magnetized state of the
FeMn layer 1s determined under the influence of the mag-
netization direction of the NiFe layers. The magnetization
direction of the NiFe layer as the ferromagnetic layer 16 1s
pinned by the FeMn layer as the antiferromagnetic layer 17.

The thus-formed multi-layer body 1s patterned by lithog-
raphy 1nto an about 10 ym-square to form a tunnel junction.

To pin the magnetization direction of the ferromagnetic
layer by the antiferromagnetic layer, as described above, the
antiferromagnetic layer and the ferromagnetic layers may be
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heat-treated 1n a magnetic field after the deposition, or the
ferromagnetic layer 1s deposited 1n a magnetic field and then
the antiferromagnetic layer 1s deposited on the ferromag-
netic layer.

The present invention 1s not limited to the first embodi-
ment and covers other modifications.

For example, 1n the first embodiment, the two ferromag-
netic layers have magnetization directions which are sub-
stantially opposite to each other, but the magnetization
directions may not be pertectly opposite to each other and
may be different from each other. For example, the magne-
fization directions of the two ferromagnetic layers are nor-
mal to each other, the axis of easy magnetization of the soft
magnetic layer 1s interposed between the magnetization
direction of the two ferromagnetic layers.

In the first embodiment, the axis of easy magnetization of
the soft magnetization layer 1s substantially normal to the
magnetization directions of the two ferromagnetic layers but
the axis of each magnetization of the soft magnetic layer
may be another direction.

In the first embodiment, both two ferromagnetic layers are
pinned by the anfiferromagnetic layer but may be pinned by
cither of the ferromagnetic layers. Unless magnetization
directions of the ferromagnetic layers are not changed by
external magnetic fields, the antiferromagnetic layer for the
pinning may not be mcluded.
| A Second Embodiment]

A magnetic sensor according to a second embodiment of

the present invention will be explained with reference to
FIG. 6.

FIG. 6 1s a sectional view of the magnetic sensor accord-
ing to the present embodiment, which shows a structure
thereof.

The present embodiment relates to a diffusion preventive

layer of a magnetoresistive effect device using spin valve
f1lm.

First, a 5 nm-thick Ta ground layer 22 1s deposited on a
Si substrate having (100) face as the primary facet. Then, on
the ground layer 22, a 9 nm-thick NiFe magnetic layer 23 as
a Iree layer, a 0.6 nm-thick Ag diffusion preventive layer 24,
and a 4 nm-thick Cu non-magnetic layer 25 are sequentlally
deposited. Furthermore, a 0.6 nm-thick Ag diffusion pre-
ventive layer 26 1s deposited, and on the diffusion preventwe
layer 26, a 4 nm-thick NiFe magnetic layer 27 as a pin layer,
and a 10 nm-thickness FeMn antiferromagnetic layer 28 for
pinning a magnetization direction of the magnetic layer 27
are deposited. Then, the multi-layer body 1s patterned, using
a resist mask to form a spin valve film. Next, the magne-
toresistive elffect device for a magnetic head 1s fabricated by
the same fabrication process as that for a usual magnetore-
sistive effect device including spin valve film. In the above-
described deposition steps, the magnetic layers 23, 27, and
the antiferromagnetic layer 28 are deposited by sputtering in
a magnetic field applied parallelly with the surface of the
substrate 21 so as to restrict axes of easy magnetization of
the magnetic layers 23, 27 and the anfiferromagnetic layer
28.

In the second embodiment, the magnetoresistive elfect 1s
little decreased by heat treatments conducted in the follow-
ing magnetic head fabrication process. The magnetoresistive
ciiect 1s higher than that of the spin valve film including Ag
as the nonmagnetic layer.
| A Third Embodiment]

The magnetic sensor according to a third embodiment of
the present invention will be explained with reference to
FIG. 7.

FIG. 7 1s a sectional view of the magnetic sensor accord-
ing to the present embodiment, which shows a structure
thereof.
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The present embodiment imncludes the non-magnetic layer
25 of the first embodiment in a multi-layer film of alternate
layers of Cu thin films 254 and Ag thin films 25b.

First, as 1n the second embodiment, a 5 nm-thick Ta
oround layer 22 and a 9 nm-thick NiFe magnetic layer 23 are
deposited on a (100) Si substrate 21, and then a 0.4 nm-thick
Ag diffusion preventive layer 24 1s deposited. Subsequently,
4 layers of a 0.4 nm-thick Cu thin film 254, and 3 layers of
an 0.4 nm-thick Ag thin film 25b are alternately laid one on
another to form a 2.8 nm-thick non-magnetic layer 25. The
top layer of the non-magnetic layer 25 1s the Cu thin film
25a. Next, a 0.4 nm-thick Ag diffusion preventive layer 26
deposited. On the diffusion preventive layer 26, as in the
second embodiment, a 4 nm-thick NiFe magnetic layer 27
and a 10 nm-thick FeMn anfiferromagnetic layer 28 are
deposited. The same deposition technique as in the second
embodiment 1s used.

The spin valve film of the present embodiment exhibits a
middle magnetoresistance change ratio between that of the
spin valve {ilm i1ncluding the non-magnetic layer of Ag and
that of the spin valve film including the non-magnetic layer
of Cu. The spin valve film of the present embodiment has
ogood heat resistance.
| A Fourth Embodiment]

The magnetic sensor according to a fourth embodiment of
the present mvention will be explained with reference to
FIG. 8.

FIG. 8 1s a sectional view of the magnetic sensor accord-
ing to the present embodiment, which shows a structure
thereof.

The present embodiment relates to a spin valve film which
includes a corrosion resistant metal thin film 25¢ 1n a
non-magnetic layer 25 of a multi layer film of alternately

laid Cu thin films 254 and Ag thin films 25b.

First, as 1n the third embodiment, an Si substrate 21
having (100) face as the primary facet, a ground layer (not
shown) of Ta, and an NiFe magnetic layer 23 are deposited,
and on the magnetic layer 23 a 0.4 nm-thick Ag diffusion
preventive layer 24 1s deposited. Then, three sets of a
three-layer structure of a 0.4 nm-thick Cu thin film 25a/a 0.2
nm-thick corrosion resistant metal film 25¢/a 0.4 nm-thick
Ag thin film 2556 are laid one on another to deposit a 0.3
nm-thick multi-layer film. The top Ag thin film 255 of the
multi-layer film 1s a diffusion preventive layer 26, and the
rest part of the multi-layer film 1s a non-magnetic layer 25.
Then, as 1n the third embodiment, an NiFe layer 27 and an
FeMn antiferromagnetic film (not shown) are deposited to
form the spin valve film.

In the present embodiment, for more 1mproved heat
resistance, the corrosion resistant metal film 25¢ may be
provided between the respective Cu thin films 254 and the
respective Ag layers. For example, the corrosion resistant
metal film 25¢ may be provided between the Cu thin films
25a and diffusion preventive films 24, 26, and/or between
the Cu thin films 254 and the Ag thin films 25b. It 1s needless
to say that as described above, the heat resistant metal thin
film 25¢ may be provided between arbitrary layers of the
non-magnetic layer 235.
| A Fifth Embodiment]

The magnetic sensor according to a fifth embodiment of
the present mvention will be explained with reference to
FIG. 9.

FIG. 9 15 a sectional view of the magnetic sensor accord-
ing to the present embodiment, which shows a structure
thereof.

The present embodiment relates to a magnetoresistive

effect device including a superlattice GMR film.
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First, a 5 nm-thick Cu ground layer 22 1s deposited on an
Si substrate 21 having (100) face as the primary facet. Then,
a 1 nm-thick Co magnetic layer 23 1s deposited on the
oground layer 22. Next, a 0.2 nm-thick Ag diffusion preven-
five layer 24 1s deposited. Then, a 0.2 nm-thick Cu thin film
25a, a 0.2 nm-thick Ag thin film 2556 and a 0.2 nm-thick Cu
thin film 254 are sequentially deposited to form a 0.6
nm-thick non-magnetic layer 25 of a multi-layer film of
alternately deposited Cu thin films 254 and Ag thin films
25b. Next, a 0.2 nm-thick Ag diffusion preventive layers 26
are deposited. Thus 1s formed a superlattice structure includ-
ing the magnetic layer 23/the diffusion preventive layer
24/the multi layer non-magnetic layer 25/ the diffusion
preventive layer 26 as one unit on the ground layer 22.

Next, 20 units of the thus-formed superlattice structure
are laid one on another, and a 1 nm-thick Co magnetic layer
23 15 deposited. Furthermore, a 5 nm-thick Cu cap layer 29
1s deposited on the magnetic layer 23 to form the superlattice
GMR {ilm. Then, the magnetoresistive effect device for a
magnetic head 1s fabricated by the known process.
| A Sixth Embodiment ]

The magnetic sensor according to a sixth embodiment of
the present invention will be explained with reference to
FIGS. 10 to 13.

FIG. 10 1s a schematic diagram of the magnetic sensor
according to the present embodiment, which shows a struc-
ture thereof. FIG. 11 1s a developed off the magnetic sensor
according to the present embodiment, which show the
structure thereof. FIG. 12 1s a graph of outputs of the
magnetic sensor according to the present embodiment. FIG.
13 1s a view explaining resistance values r,, r; of the
magnetic sensor according to the present embodiment.

FIG. 10 shows the structure of the present embodiment.
Reference numeral 31 represents an Al,O,; mnsulating film,
and a pair of spin valve structures 32, 33 are laid one on
another with the Al,O; insulating film therebetween. The
spin valve structure 32, 33 are each a multi-layer structure
including a Cu spacer layer 36 interposed between Nig, Fe,
magnetic films 34, 35. In the spin valve structure 32 a
N1,,Mn., switch bias layer 37 1s laid, and a Fe ., Mn,,
switch bias layer 38 1s laid 1n the spin valve structure 33. It
1s possible that the magnetic films 34, 35 are formed of one
or more kinds of magnetic metal film of Ni, Fe, Co and
alloys of these metals.

It 1s also possible that the spacer layer 36 may be a metal
film of a metal selected from a non-magnetic metal groups
of Au, Ag, Cu and alloys of these metals. It produces the
same effect to use different magnetic films and spacer films
in the spin valve structures 32, 33.

On a substrate 50 with a pair of electrodes 39 formed on
through an insulating film 49, a 10 nm-thick Ni.Mn.,
antiferromagnetic film 37, a 4 nm-thick Nig,Fe,, magnetic
film 35, a 2 nm-thick Cu spacer layer 36, a 10 nm-thick
Ni,,Fe,, magnetic film 34, a 20 nm-thick Al,O,; 1nsulation
film 31, a 10 nm-thick Ni,,Fe,, magnetic film 34', a 2
nm-thick Cu spacer layer 36', a 4 nm-thick Nig, Fe,, mag-
netic film 35" and an 10 nm-thick Fe.,Mn., antiferromag-
netic film 38 are laid one on another, and further a pair of
clectrodes are formed thereon. This multi-layer body can be
formed by any of sputtering, 1on beam sputtering, vapor
deposition or other techniques. This multi-layer body can be
processed mnto the device by 1on milling or other technique
using the usual photo lithography.

As shown i FIG. 11, a sense current I; flows in a
direction of width of a track, and a signal magnetic field H_;,
from a magnetic recording medium 40 enters 1n a direction
which 1s parallel with the multi-layer interface and perpen-
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dicular to the sense current I_. In FIG. 11, V represents a
direction of movement of the medium, and 60 indicates a
lead. Ni;,Mn., switch bias layer 37 and the Fe . ,Mn.,
switch bias layer 38 have anti-parallel magnetic anisotropy
M1, M2, so that the magnetic films 35, 35' respectively
adjacent to the switch bias layers 37, 38 have magnetization
directions thereof pinned in directions anti-parallel with
cach other M3, M4. A magnetization direction of the mag-
netic films 34, 34' laid between the Cu spacer layers 36, 36
1s an axis of easy magnetization MS set 1n the direction of
flow of the sense current I_ in the absence of an external
magnetic field.

When a vertical signal magnetic field H_;, enters the
magnetic sensor from the magnetic recording medium 440,
the magnetization directions M3, M4 of the magnetic films
35, 35, which are pinned respectively by the switch bias
layers 37, 38, do not change, but a magnetization direction
of the magnetic films 34, 34' turns 1n plane of the magnetic
films 34, 34' by a direction of the signal magnetic field H;,.
When the signal magnetic ficld H;, 1s directed upward, the
magnetization direction of the magnetic films 34 turns to be
nearer the magnetization direction M3 1n plane of the
magnetic film 34, and the magnetization direction of the
magnetic film 34' turns to be nearer the opposite direction to
the magnetization direction M4 in plane of the magnetic film
34'. the magnetization directions M3, M.~ are substantially
the same directions, and the spin valve structure 32 has
smaller resistance value r,. The magnetization direction M4,
M.> are substantially opposite to each other, and the spin
valve structure 33 has larger resistance value r,. When the
signal magnetic field H,,, 1s directed downward, the mag-
netization direction of the magnetic film 34 turns to be
nearer the opposite direction to the magnetization direction
M3 1n plane of the magnetic film 34, and the magnetization
direction of the magnetic film 34' turns to be nearer the
magnetization direction M4 in plane of the magnetic film
34'. The magnetization direction M3, M.~ are substantially
opposite to each other, and the spin valve structure 32 has
larger resistance value r,. The magnetization directions M4,
M_~ are substantially the same direction, and the spin valve
structure 33 has smaller resistance value r;. FIG. 12 shows
signal magnetic field H_;, dependence of respective resis-
tance values r,, r, of the spin valve structures 32, 33.
Because the spin valve structures 32, 33 exhibit symmetric
clectric resistance changes in response to the same signal
magnetic field H_;_, output signals of the spin valve struc-
tures 32, 33 arc detected independently of each other, so that
the magnetic sensor operates as a differentially operative
magnetic Sensor.

Changes of resistance values r,, r; of the magnetic sensor

according to the present embodiment are summarized 1n
FIG. 13.

| A Seventh Embodiment]

The magnetic sensor according to a seventh embodiment
of the present mvention will be explained with reference to
FIGS. 14 to 16.

FIG. 14 1s a schematic sectional view of the magnetic
sensor according to the present embodiment, which shows a
structure thereof. FIG. 15 1s a development of the magnetic
sensor according to the present embodiment, which shows
the structure thereof. FIG. 16 1s a view explaining changes
of resistance values r,, r; of the magnetic sensor according
to the present embodiment.

In FIG. 14, reference numeral 31 represent an Al,O,
insulation film, and a pair of spin valve structures 32, 33 are
laid on both sides of the Al,O, msulation film 31. Each spin
valve structure 32, 33 1s a multi-layer structure mncluding a
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Cu spacer layer 36 interposed between Nig,Fe,, magnetic
layers 34, 35, and Ni,,Mn,, switch bias layers 37, 38. In the

spin valve structure 33 the magnetic layer 35 1s laid on the
switch bias layer 38 through the Cu antiferromagnetic
bonding film 42 and a magnetic film 41. The switch bias
layers 37, 38 may be formed of the same antiferromagnetic
material. The other magnetic films 34, 35, and the non-
magnetic layer 36 are the same as those of the sixth
embodiment.

On a substrate 50 with a pair of electrodes 39 formed on
through an insulating film 49, a 10 nm-thick Ni,,Mn.,
antiferromagnetic film 37, a 4 nm-thick Nig,Fe,, magnetic
film 35, a 2 nm-thick Cu spacer layer 36, a 10 nm-thick
Ni.,Fe,, magnetic film 34, a 20 nm-thick Al,O, msulation
film 31, a 10 nm-thick Ni.,Fe,, 34", a 2 nm-thick Cu spacer
layer 36', a 4 nm-thick Nig,Fe,, magnetic film 35", a 1
nm-thick Cu antiferromagnetic bonding film 42, a 12
nm-thick Nig,Fe,, magnetic film 41, and a 10 nm-thick
Ni.,Mn., antiferromagnetic film 38 are laid one on another,
and a pair of electrodes 39 are formed thereon.

As shown 1n FIG. 15, sense current I . flows 1n a direction
of width of a track, and a signal magnetic field H_,,, from a
magnetic recording medium 40 enters 1n a direction parallel
with the laid surface and perpendicular to the sense current
[.. The switch bias layers 37, 38 have magnetic anisotropy
M1, M2 1n the same direction. Magnetization directions of
the magnetic films 35, 41 respectively adjacent to the switch
bias layers 37, 38 are pinned in the same magnetization
directions M3, M6. In the spin valve structure 33, strong
antiferromagnetic bonding 1s caused i1n the magnetic films
35', 41 through the Cu antiferromagnetic bonding film 42,
and a magnetization direction of the magnetic film 35" 1s
pinned 1n the magnetization direction M6 of the magnetic
film 41, 1.e., 1n the magnetization direction M4 anti-parallel
with the magnetization direction M2 of the switch bias layer
38. A magnetization direction of the magnetic films 34, 34
1s an axis of easy magnetization M3 pinned in the direction
of flow of the sense current I. when an external magnetic
field 1s absent.

When a vertical signal magpetic field H,;, enters the
magnetic sensor from a magnetic recording medium 440,
magnetization directions of the magnetic films 35, 35" are
pinned by the switch bias layers 37, 38 and does not change,
but a magnetization direction of the magnetic films 34, 34
1s turned by synthesis of the magnetization direction M3 and
the signal magnetic field H_;, 1n plane of the magnetic films
34, 34'. Because signal magnetic field dependence H, ,, ot
resistance values r,, ry of the spin valve structures 32, 33
exhibit, as shown 1n FIG. 12, symmetric electric resistance
changes in response to the same signal magnetic field H_,,
output signals of the spin valve structures 32, 33 are detected
independently of each other, so that the magnetic sensor
operates as a differentially operative magnetic sensor.

Changes of resistance values 1., r; of the magnetic sensor
according to the present embodiment are summarized 1n
FIG. 16.

| An Eighth Embodiment]

The magnetic sensor according to an eighth embodiment
of the present invention will be explained with reference to
FIGS. 17 to 19.

FIG. 17 1s a schematic sectional view of the magnetic
sensor according to the present embodiment, which show a
structure thereof. FIG. 18 1s a development of the magnetic
sensor according to the present embodiment, which shows
the structure thereof. FIG. 19 1s a view explaining changes
of resistance values r,, r; of the magnetic sensor according
to the present embodiment.

In FIG. 17, reference numeral 61 represents an NiO
insulating switch bias layer interposed between a pair of spin
valve structures 32, 33. The spin valve structure 32, 33 are
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cach a multi-layer structure including a Cu spacer layer 36
between Nig,Fe ,, magnetic films 34, 35. The eighth
embodiment 1s characterized in that the NiMn switch bias
layer or the FeMn switch bias layer 37, 38 is replaced by an
insulating switch bias layer 61. In the spin valve structure
33, a magnetic layer 35" 1s laid on the N1O 1nsulating switch
bias layer 61 through a Cu antiferromagnetic bonding film
42 and a magnetic layer 41 and i1s the same as the sixth
embodiment 1n structures of the other magnetic and non-
magnetic layers.

On a substrate 50 with a pair of electrodes 39 formed on
through an insulation film 49, a 10 nm-thick Nig, Fe,,
magnetic film 34, a 2 nm-thick Cu spacer layer 26, a 4
nm-thick Ni,,Fe,, magnetic film 35, a 20 nm-thick N10O
insulating switch bias layer 61, a 2 nm-thick Nig, Fe,q
magnetic film 41, a 1 nm-thick Cu antiferromagnetic bond-
ing film 42, a 4 nm-thick Ni,,Fe,, magnetic film 35', a 2
nm-thick Cu spacer layer 36' and a 10 nm-thick Nig, Fe,q
magnetic film 34" are laid one on another, and a pair of
clectrodes 39' are formed thereon.

As shown 1n FIG. 18, sense current I flows 1n a direction
of width of a track, and a signal magnetic ficld H,,, from a
magnetic recording medium 40 enters the magnetic sensor 1n
a direction parallel with a laid film interface and perpen-
dicular to the sense current I_. The N1O insulating switch
bias layer 61 has magnetic anisotropy M1, so that magne-
tization directions of the magnetic films 35, 41 adjacent to
the 1nsulating switch bias layer 61 are pinned in the same
directions M3, M6. At this time strong antiferromagnetic
bonding takes place 1n the magnetic films 35, 41 through the
Cu anfiferromagnetic bonding film 42, and a magnetization
direction of the magnetic film 35 1s pinned 1n the magneti-
zation direction M6 of the magnetic film 41, 1.e., a direction
M4 anti-parallel with the magnetization direction M1 of the
N10O msulating switch bias layer 61. A magnetization direc-
fion of the magnetic films 34, 34' 1s an axis of easy
magnetization M3 pinned 1n a direction of flow of the sense
current I .

When a vertical signal magnetic field H,;, from a mag-
netic recording medium 40 enters the magnetic sensor, the
magnetization directions of the magnetic films 35, 41, which
are pinned by the N10 1nsulating switch bias layer 61, do not
change, but a magnetization direction of the magnetic films
34, 34' turns 1n place of the magnetic films 34, 34" 1n
accordance with a direction of the signal magnetic field H, .
At this time, because signal magnetic field H,,;, dependence
of resistance values r,, r; of the spin valve structures 32, 33
exhibits, as shown 1n FIG. 12, symmetric electric resistance
changes with respect to the same signal magnetic field H,,
output signals of the spin valve structures 32, 33 are inde-
pendently detected, whereby the magnetic sensor operates as
a differential magnetic sensor.

Changes of resistance values r,, r; of the magnetic sensor
according to the present embodiment are summarized in
FIG. 19.

What 1s claimed 1s:

1. A magnetic sensor comprising:

a first magnetic layer having an axis of easy magnetiza-
tion 1n a first direction;

a second magnetic layer having an axis of easy magne-
fization 1n a second direction different from the first

direction;
a third magnetic layer positioned between the first mag-
netic layer and the second magnetic layer, and having

a smaller coercive force than the first magnetic layer
and the second magnetic layer;

a first msulating layer interposed between the first mag-
netic layer and third magnetic layer; and

a second 1sulating layer interposed between the second
magnetic layer and the third magnetic layer;
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wherein an external magnetic field 1s detected by the use
of tunnel resistance between the first magnetic layer
and the third magnetic layer and tunnel resistance

between the second magnetic layer and the third mag-
netic layer.

2. A magnetic sensor according to claim 1, wherein the
first direction and the second direction are substantially
opposite each other.

3. A magnetic sensor according to claim 2, wherein an
axis of easy magnetization of the third magnetic layer 1s
substantially normal to the first direction and the second
direction.

4. A magnetic sensor according to claim 1, wherein an
antiferromagnetic layer for pinning the axis of easy magne-
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tization 1s included 1n at least one of the first magnetic layer
and the second magnetic layer.

5. A magnetic sensor according to claim 1, wherein a
coercive force 1s of the first magnetic layer and the second
magnetic layer 1s larger than a saturation magnetic field 1 an

axis of difficult magnetization of the third magnetic layer.
6. A magnetic sensor according to claim 1, wherein a
static magnetic field due to the first magnetic layer and a

static magnetic field due to the second magnetic layer
compensates one another in the third magnetic layer.
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